Why generalist and specialist species coexist in nature is a question that has interested evolutionary biologists for a long time. While the coexistence of specialists and generalists exploiting resources on a single ecological dimension has been theoretically and empirically explored, biological systems with multiple resource dimensions (e.g. trophic, ecological) are less well understood. Yet, such systems may provide an alternative to the classical theory of stable evolutionary coexistence of generalist and specialist species on a single resource dimension. We explore such systems and the potential tradeoffs between different resource dimensions in clownfishes. All species of this iconic clade are obligate mutualists with sea anemones yet show interspecific variation in anemone host specificity. Moreover, clownfishes developed variable environmental specialization across their distribution. In this study, we test for the existence of a relationship between host-specificity (number of anemones associated with a clownfish species) and environmental-specificity (expressed as the size of the ecological niche breadth across climatic gradients). We find a negative correlation between host range and environmental specificities in temperature, salinity and pH, probably indicating a trade-off between both types of specialization forcing species to specialize only in a single direction. Trade-offs in a multi-dimensional resource space could be a novel way of explaining the coexistence of generalist and specialists.
Introduction
In nature, species vary in their ability to exploit resources. By definition, on any given resource axis, the distribution of the absolute fitness of specialist species is narrow, while generalists have an equal fitness across the axis [1] . It has classically been proposed that 'the jack of all trades is the master of none' [2] , which suggests that generalists bear a cost that will reduce their fitness relative to a specialist using the same resource. The availability of two distinct resources in a single ecological dimension, associated with a trade-off in the species ability to exploit these resources, can lead to three evolutionary stable outcomes. The initial species might evolve into: (i) two specialist species, (ii) a single generalist species, and (iii) into a generalist on two resources and a specialist on a single resource [3] [4] [5] [6] . Ecological models of food webs (two food sources) predict that the last outcome alone can allow for the coexistence of specialist and generalist species, and this system will reach a stable equilibrium state when both food resources are equally abundant through time [7] .
More complex scenarios of generalist -specialist coexistence have been proposed through recent theoretical work [7] [8] [9] . For example, stable coexistence of two specialists and a generalist in a two resources system is possible over evolutionary timescale in the presence of environmental variability and different adaptive foraging behaviour [8, 9] . In line with the theory, empirical results show that spatial and temporal heterogeneity of the food source enhances generalist and specialist coexistence in two species of Hawaiian stream gobies [10] . Furthermore, formation of cryptic nutritional niches in seven grasshopper species (Melanoplus spp.) with broadly overlapping diets explains the coexistence of generalist herbivores in nature [11] . While this suggests that multiple generalist-specialist coexistence patterns can emerge in heterogeneous systems [9] , the evolutionary processes involved in specialization are inevitably more & 2014 The Author(s) Published by the Royal Society. All rights reserved. complex when two or more resource dimensions influence the coexistence of species [12] .
In multi-dimensional systems, trade-offs occur between resource axes. This can lead to differences in the relative rate of evolutionary response of generalists and specialists [13] . For example, trophic specialist damselfishes (Pomacentridae) maintain in their territories turfs of mutualistic algae on which they feed. Because the fish can only live where the algae can grow, this specialized behaviour is a constraint on the rate of environmental niche evolution that is thus slower in specialized herbivorous damselfishes when compared with more generalized planktivorous relatives [14] . Beside its effects on the rate of evolution, specialization on a specific resource of the system can also influence a species' ability to specialize in another ecological dimension. For example, aphid parasitoids that are habitat specialists react similarly to the different host species present in the same habitat, whereas habitat generalist species exhibit clear preferences during host selection [15] . Yet, this rare example of specialization dynamics across multiple ecological axes involves only three closely related species without taking into account the evolutionary history of the complete clades. A question that is still standing is whether such dynamics can occur and be persistent over longer evolutionary timescales. This has not, to the best of our knowledge, been investigated.
The clownfishes are an excellent system to examine in detail the evolution of such multi-dimensional specialization over long evolutionary timescale. The 28 currently recognized species [16] are obligate mutualists with sea anemones (Anthozoa; Actinaria) and occur throughout the tropical Indian and Pacific Oceans. The ability of clownfishes to be unharmed by the otherwise stinging tentacles of the sea anemone probably triggered the evolutionary radiation of clownfishes [17] . Host specificity varies in clownfishes from interactions with a single host to potentially all the 10 sea anemone species that host clownfishes [16] . The distributions of clownfish and anemone species span various environmental conditions, allowing the evolution of differential level of environmental specialization associated with these environments. Moreover, the geographical range of anemone species is not a constraint on mutualistic interactions, as eight out of the 10 anemone species are ubiquitous regarding clownfish distributions [18] . However, each anemone species differs in its ecological preferences, such as substrate type, depth or exposure to oceanic currents [16, 19] , which allows clownfish species to coexist locally as they segregate across hosts and habitats [17, 20] .
In this study, we test whether a relationship between host-specificity (the number of anemones associated with a clownfish species) and environmental-specificity (expressed as the size of the environmental niche breadth) exists. A positive correlation between environmental and host specificities would suggest little to no trade-off between host and environmental specialization. Increasing environmental niche variation would thus allow species to encounter more mutualistic partners. By contrast, a negative correlation would probably indicate a trade-off between both types of specialization forcing clownfish species to specialize along one of the two resource axes. Host specialist clownfishes would therefore have a wide environmental niche breadth, whereas host generalists would have more narrow suitable environmental conditions. We use a near-complete species-level phylogeny of clownfishes based on seven nuclear markers to address this hypothesis. We estimate the environmental niche of clownfishes with detailed occurrence records and apply recent comparative modelling techniques to test whether the evolution of environmental niche breadth differs between clownfishes that are host specialist and host generalist.
Material and methods (a) Phylogenetic reconstruction
We take advantage of an existing phylogeny of the clownfishes [21] . The dataset includes samples of 41 individuals representing 27 species of clownfish. Five species of Pomacentridae are used as outgroups. Seven nuclear markers (BMP4, Gylt, Hox6a, RAG1, Svep, S7 and Zic1) were sequenced using standard protocols ( [21] ; for accession numbers, see the electronic supplementary material). We built a consensus for each forward and reverse sequence and trimmed bases with 5% or more error probability. We aligned each marker independently with MAFFT [22] using default settings and concatenated all final alignments in a super-matrix of 6679 nucleotides in length. The phylogeny was reconstructed with MRBAYES v. 3.2.2 [23] . The parameters of the nucleotide substitution process were sampled across the nucleotide model space during the Bayesian Markov chain Monte Carlo (MCMC) [24] , and, after assessing the fit of all the molecular clock models available in MRBAYES with Bayes Factors (BF) [25] , a strict clock was applied during the phylogenetic inference. To facilitate the computations of further analyses and because absolute dates are not important in this study, the consensus topology of the inferred phylogenies was scaled to a height of one. We pruned the final tree to keep only one individual for each species. The phylogenies and alignment are deposited in TREEBASE (www.treebase.org).
(b) Environmental niche estimation
We estimated the environmental niche of clownfishes with a database of global marine environmental layer at a resolution of 5 arcmin (approx. 9.2 km). This dataset includes 23 geophysical, biotic and climatic variables [26] and has been used in several studies to describe the environmental niche of marine fishes [27, 28] . We retrieved clownfishes occurrence records from the Ocean Biogeographic Information System (www.iobis.org, accessed 26 June 2013). From the initial 1609 records, we removed duplicates (multiple occurrences of one species located in a single pixel of the environmental layers) and the species Amphiprion pacificus because only one occurrence was available, resulting in a total of 969 unique records (per species: mean ¼ 35.9, min ¼ 2, max ¼ 166). After extracting the environmental variable values for each occurrence, we ran a principal component analysis (PCA) in R [29] and kept the most meaningful axes of the environmental space for further analyses.
(c) Host-specificity reconstruction
The host specificity of each clownfish species is well documented [16] . We took advantage of an updated version of the interaction table that included the host specificity of recently described species [17] . We used stochastic mapping [30] to map probable realizations of the evolution of host specificity on the clownfishes majority rule consensus tree. We carried on this analysis using the 'make.simmap' function available in the R package 'Phytools' v. 0.2.9 [31] . It was not possible to directly reconstruct the evolution of host specificity on the tree, because current ancestral state reconstruction methods can handle discrete and continuous traits but not counts. Moreover, a clownfish species interacting with, for example, two species of anemone may not be directly comparable to another clownfish species which interact with two different anemone species. To overcome those difficulties, we first inferred the evolution of interaction of each anemone rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20133220 species separately. Interaction with an anemone was modelled as a binary trait (0 ¼ no interaction, 1 ¼ interaction). We used the 'all rate different' model to evolve the interaction along the clownfishes phylogenetic tree and allowed different forward and backward rates between the two states, estimated the prior distribution of the states at the root of the tree and used the MCMC option to set the parameters of the Q matrix. To account for the inherent stochasticity of the process, we performed 10 stochastic mappings replicates. This relatively small number of replications is explained by the large computational requirement of the evolutionary modelling described below but still allows the estimation of the variation in the parameters inference. We stacked the stochastic maps obtained for each anemone species and summed them to obtain the reconstruction of host specificity on the phylogeny ranging from 0 to 10. There are no a priori indications for determining the threshold of potential hosts number that separates host specialists and generalists clownfishes. We therefore tested three different groupings where we defined specialists as interacting with either up to one (group C1), two (C2) and three (C3) anemone species. We defined generalists in each groups as clownfish species that interact with more anemone species than the specialists. Sections of branches with 0 interactions were extremely rare, but methodologically unavoidable. Because the apparition of the mutualism with sea anemones proably preceded the radiation of the clownfishes [17] , we grouped those small segments with those having a host specificity of one. We used those rules and simplified the stochastic maps accordingly (figure 1 shows the aggregation of the stochastic mappings for visualization purposes [32] ).
(d) Description and implementation of evolutionary modelling
We used the 'Ouwie' R package [33] and a novel approach Kostikova et al. [34] to model the evolution of intraspecific variance in the environmental niche of clownfishes (i.e. niche breadth) and test for an association with host specificity. For both methods, we tested three alternative models: (i) a neutral Brownian model (BM) of evolution of the niche breadth, in which there is no association between host specificity and niche breadth; (ii) a OrnsteinUhlenbeck model, OU1 with a single niche breadth optimum, which assumes that niche breadth evolves non-neutrally but all species are pulled towards a single optimal value (u) of niche breadth; and (iii) a model (OUM) with two niche breadth optima (u generalists and u specialists ), which assumes that generalist and specialist species have different niche breadths. Prior to the 'OUwie' analysis, we estimated intraspecific variance (i.e. niche breadth) using the maximum-likelihood estimator of a normal distribution on each PC axis. We used the resulting vector of intraspecific variance and the previously described stochastic mappings replicates to estimate the fit of the three evolutionary models in the 'OUwie' R package [33] using default settings. Using replicates of the stochastic mappings allowed us to take into account the uncertainty of the ancestral host-specificity reconstruction. We recorded the likelihood of each model and used the Akaike Information Criterion (AIC) to identify the model that best described our data. A major disadvantage of the 'OUwie' method is that it does not simultaneously consider both inter-and intraspecific trait evolution but uses niche breadth as a continuous variable with one value per species.
We used a novel approach ( [34] ; R script available on www. unil.ch/phylo/bioinformatics/jive) to overcome this issue. Unlike conventional comparative methods which use the mean trait value of each species to evaluate evolutionary hypotheses, this method estimates the evolution of a trait by considering all available trait measurements for a given species simultaneously. It, therefore, allows us to explicitly test how intraspecific variance of each species evolves and whether its evolution is associated with a discrete trait. In our case, we used the environmental niche of the species as a continuous variable and the host specificity (specialist versus generalist based on the groupings defined above) as a binary trait. Associated environmental data from all occurrence records obtained from the IOBIS database were used as an input for evolutionary models.
To identify the best-fitting model for the evolution of the niche breadth, we analysed our dataset using an MCMC with thermodynamic integration (TI) under all three models [35] . MCMC with TI allows the estimation of an effect of addition or removal of extra parameters into the model. Under TI, an MCMC sample is drawn from a series of distributions ranging from the posterior to the prior at the two extremes of a path. The path is obtained by altering the acceptance probability by rising the likelihood ratio to the power of a range of values (beta parameter) between 1 and 0. We ran four MCMC chains for 20 000 000 generations, with a burn-in phase of 5 000 000 generations and sampled model parameters each 1000th generation. We used 10 temperature classes given by a beta distribution with rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20133220 b ¼ 0.3 and repeated the TI runs on each of the 10 different stochastic mappings of the three host-specificity groupings. Finally, we averaged the resulting BF across mappings. For each PC axis, we selected a best-fitting model based on the values of BF and ran a simple MCMC chain analysis in order to estimate the parameters of the model. For this conventional MCMC, we allowed two chains to run for 10 000 000 generations with a burn-in phase of 5 000 000 generations and recorded parameters value each 1000th generation. We used the remaining part of the MCMC to calculate the parameters values of a given model. We investigated the adequate convergence of the MCMC chains using TRACER v. 1.4 [36] .
Results (a) Environmental niche estimation
The first and second axes of the PCA explain, respectively, 31.3 and 27.2% of the total environmental variation. We do not consider the other axes because they explain only small fractions of variation. The first PC (PC1) shows a gradient of nutrient availability with higher concentrations of nitrates, phosphates and chlorophyll on the negative side of the axis. The second axis shows a gradient of temperature, salinity and pH. Negative values on the second PC axis (PC2) indicate warm waters with relatively low salinity and pH.
(b) Evolutionary modelling
The relative model fits and parameter estimates are comparable between the two modelling techniques. In both analyses, the neutral model for the evolution of niche breadth is consistently rejected for the PC2 axis, but not for the PC1 (tables 1 and 2 ). For PC2, the performance of OU1 and OUM models differs depending on how specialist clownfishes are defined with regard to the number of host anemones (C1, C2 and C3 groupings, see above). In line with the AIC difference among models recovered in 'Ouwie' (table 1), the TI and resulting BF of the novel approach suggests that for C1 grouping the bestfitting model is a single-optimum model, while for C2 and C3 groupings the OUM model has a significantly better fit than the OU1 model (BF . 2; table 2). The estimated parameters suggest that the mode of the niche breadth is twice as large in specialist clownfish species when compared with generalist species (C2: u generalists ¼ 3.08 and u specialists ¼ 5.91; C3: u generalists ¼ 2.83 and u specialists ¼ 4.77). The 95% HPDs provide credibility intervals on estimated parameters (figure 2) and show that, for the PC2, the niche breadth differs significantly between specialist and generalist species. 
Discussion
The evolution of trade-offs between specialist and generalist strategies is a central concern in evolutionary biology. The question is particularly difficult to answer with species involved in host interactions, because species host preferences can overlap to some extent. In this study, we demonstrate that the environmental tolerance regarding temperature, salinity and pH of host-specific clownfish species are broad when compared with the host generalist species. Such specialization trade-offs across multiple resource axes (i.e. niche trade-off) offers a potential explanation to the coexistence of generalists and specialists.
Environmental niche specificity is a well-known correlate of latitudinal and elevational gradients. For example, host specialization in Papilionoidea butterflies decreases at higher elevations suggesting that either oscillating abiotic conditions, lower herbivore pressure or both act to enforce and reduce host-specificity [37] . Similarly, loss of mutualism with ants is observed in Lycaenidae species at high elevations where costs of mutualism are also high [38] . Similar patterns of change from specialists to generalists when climbing the latitudinal gradient are observed in various taxonomic groups [39] , yet, in clownfishes, we do not find that climate is significantly correlated with patterns of host specialization (see the electronic supplementary material). While the tropical distribution of clownfishes spans only a restricted part of the latitudinal gradient in the tropics, we still observe substantial differences in environmental specialization among species. The lack of relationship between climate and host specialization may suggest that the selective pressure of abiotic conditions is overridden by specialization trade-offs across multiple resource axes.
Our modelling results suggest that specialization tradeoffs across multiple resource axes plays an important role in the evolutionary trajectories of species. Indeed, we find that increased host specialization in clownfishes is associated with the evolution of decreased environmental specialization, expressed here as the breadth of environmental tolerances. By contrast, host generalist clownfish species are in general very specific in their habitat preferences. One likely interpretation is that generalist -specialist trade-offs across multiple resource axes act as a compensatory (balancing) mechanism that allows long-term coexistence of species in the presence of congeneric competition. Similarly, a trade-off between habitat and host suitability for larval development in an aphid parasitoid is constrained by the level of host specificity [15] , resulting in lower affinity of host-specific parasites with particular habitats. We consider the relatively weak support for the alternative model (OUM; table 1) of the OUwie analysis sufficient evidence to reject the simpler models, because the results of both OUwie and our method are completely consistent. A key factor to consider is the relatively small sample size, which leads to reduced AIC and BF differences between models.
The effect of host specificity on niche breadth is, however, only recovered on PC2. This axis shows a gradient between cold, saline and basic to warmer, less saline and less basic water, while the PC1 axis is related to nutrient availability. Anthropogenic disturbances such as sediment run-off from land increase the concentration of nutrients in coral reefs [40, 41] . This could explain why we recover an evolutionary trade-off between host and environmental niche specificity only on PC2. Indeed, this human-induced change is extremely recent on an evolutionary timescale. While an increased concentration of nutrients probably poses new selective pressures on clownfish species, not enough time has passed for any adaptive response to be picked by our comparative methods. On the contrary, temperature in coral reefs has been historically more stable [42] , which probably explains why we recover an evolutionary pattern for PC2. Furthermore, more environmentally focused studies would be necessary to fully resolve this issue.
In clownfishes, part of the variation in host variation can be explained by ecological character displacement, which is regarded as a key driver of evolutionary diversification in many groups [43] . Indeed, in natural communities, syntopic clownfish species that have completely overlapping preferences with respect to their anemone host(s) usually occur in different habitats [20] . While the general outcome of ecological character displacement is phenotypes correlated to resource usage [43] , we cannot rule out solely on the base of such observation, that this pattern is caused by other processes [44] . Clownfishes do show a relationship between phenotype and host use [17] , yet most clownfish species still have partial to completely overlapping anemone host preferences. Competition for preferred hosts probably plays a role in clownfishes diversification, but our results still suggests that other resource axes are also important in shaping clownfish species assemblages. Our results echo a simulation model in which spatial structure and correlated evolution of ecological preference traits create complex fitness landscapes that allow the coexistence of multiple specialist and generalists on four resources [45] .
In this study, we treat all anemone species as equally advantageous to the clownfishes. While the general reciprocal benefits of the clownfish-anemone mutualism are well known [46, 47] , it is unknown whether some anemone species are more beneficial to the resident clownfishes than other. Anemone variation in size or morphology could change the efficiency of the protection provided by the stinging tentacles, making particular anemone species a safer haven than others. Indeed, juveniles of a host generalist clownfish species can occupy different anemone species than adults. For example, in the case of Amphiprion bicinctus, which occurs in the Red Sea, adults prefer a host in which they can fully conceal their body, while juveniles, which are smaller in size, accommodate well in smaller anemones [48] . It is unclear whether this situation occurs in other regions [49] where the species density of clownfish species is higher (A. bicinctus is the only clownfish species occurring in the Red Sea and juveniles thus compete only with adults). Yet, such variation would be very similar to resource abundance varying in time or space [10] . Further theoretical research is necessary to understand how the variation in resource abundance in a system with two or more resource axes could impact on specialist-generalist coexistence.
Conclusion
A plethora of empirical and theoretical studies explains generalists and specialists coexistence [6, 9, 10, 45] , yet, most studies focus on systems with a single resource. Coexistence is, for example, made possible by variations in the spatial [10] and temporal [50] availability of the common resource. Our results show that when niche trade-offs are spread across multiple resource axes, the coexistence of generalist and specialist clownfish species is possible and likely to be sustainable over evolutionary times. Examples of species sorting over several rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20133220 resources axes are intriguingly scarce but exist [15, 45] . It is unclear whether the paucity of study cases is owing to the rarity of the process or if it truly represents an area of research requiring more attention.
